Advances in single-cell antibody cloning methods have led to the identification of a variety of broadly neutralizing anti-HIV-1 antibodies. We developed a computational tool (Antibody Database) to help identify critical residues on the HIV-1 envelope protein whose natural variation affects antibody activity. Our simplifying assumption was that, for a given antibody, a significant portion of the dispersion of neutralization activity across a panel of HIV-1 strains is due to the amino acid identity or glycosylation state at a small number of specific sites, each acting independently. A model of an antibody's neutralization IC 50 was developed in which each site contributes a term to the logarithm of the modeled IC 50 . The analysis program attempts to determine the set of rules that minimizes the sum of the residuals between observed and modeled IC 50 values. The predictive quality of the identified rules may be assessed in part by whether there is support for rules within individual viral clades. As a test case, we analyzed antibody 8ANC195, an antiglycoprotein gp120 antibody of unknown specificity. The model for this antibody indicated that several glycosylation sites were critical for neutralization. We evaluated this prediction by measuring neutralization potencies of 8ANC195 against HIV-1 in vitro and in an antibody therapy experiment in humanized mice. These experiments confirmed that 8ANC195 represents a distinct class of glycan-dependent anti-HIV-1 antibody and validated the utility of computational analysis of neutralization panel data. I dentifying the epitope for a neutralizing antibody is essential to understanding its activity and to structural approaches to vaccine development. Advances in methods for antibody isolation and cloning have led to the discovery of many broadly neutralizing antibodies against the HIV-1 (1-5) and influenza (6, 7) envelope (Env) glycoproteins. Initial characterization of these antibodies often involves measurement of their neutralization activity against a panel of viruses, but such experiments do not generally lead to conclusive identification of an antibody's epitope. Common methods for determining antibody epitopes include peptide scanning, competition experiments with known ligands, X-ray crystallography of antibody-antigen complexes, and mutagenesis experiments (8). Newer methods include phylogenetically corrected statistical analysis (9) and screening of cell surface-displayed mutant antigen libraries (10). A related problem to deducing critical residues on Env for the neutralization activity of particular antibodies is the relationship between viral sequences and sensitivity to small molecule antiretroviral drugs. A number of computational methods for predicting the sensitivity to antiretroviral drugs from patient viral sequence data have been developed (11, 12) ; by analogy, it may be possible to use relationships between Env sequences and neutralization data to extract information about antibody epitopes.
Advances in single-cell antibody cloning methods have led to the identification of a variety of broadly neutralizing anti-HIV-1 antibodies. We developed a computational tool (Antibody Database) to help identify critical residues on the HIV-1 envelope protein whose natural variation affects antibody activity. Our simplifying assumption was that, for a given antibody, a significant portion of the dispersion of neutralization activity across a panel of HIV-1 strains is due to the amino acid identity or glycosylation state at a small number of specific sites, each acting independently. A model of an antibody's neutralization IC 50 was developed in which each site contributes a term to the logarithm of the modeled IC 50 . The analysis program attempts to determine the set of rules that minimizes the sum of the residuals between observed and modeled IC 50 values. The predictive quality of the identified rules may be assessed in part by whether there is support for rules within individual viral clades. As a test case, we analyzed antibody 8ANC195, an antiglycoprotein gp120 antibody of unknown specificity. The model for this antibody indicated that several glycosylation sites were critical for neutralization. We evaluated this prediction by measuring neutralization potencies of 8ANC195 against HIV-1 in vitro and in an antibody therapy experiment in humanized mice. These experiments confirmed that 8ANC195 represents a distinct class of glycan-dependent anti-HIV-1 antibody and validated the utility of computational analysis of neutralization panel data.
I
dentifying the epitope for a neutralizing antibody is essential to understanding its activity and to structural approaches to vaccine development. Advances in methods for antibody isolation and cloning have led to the discovery of many broadly neutralizing antibodies against the HIV-1 (1-5) and influenza (6, 7) envelope (Env) glycoproteins. Initial characterization of these antibodies often involves measurement of their neutralization activity against a panel of viruses, but such experiments do not generally lead to conclusive identification of an antibody's epitope. Common methods for determining antibody epitopes include peptide scanning, competition experiments with known ligands, X-ray crystallography of antibody-antigen complexes, and mutagenesis experiments (8) . Newer methods include phylogenetically corrected statistical analysis (9) and screening of cell surface-displayed mutant antigen libraries (10) . A related problem to deducing critical residues on Env for the neutralization activity of particular antibodies is the relationship between viral sequences and sensitivity to small molecule antiretroviral drugs. A number of computational methods for predicting the sensitivity to antiretroviral drugs from patient viral sequence data have been developed (11, 12) ; by analogy, it may be possible to use relationships between Env sequences and neutralization data to extract information about antibody epitopes.
Neutralizing activities of antibodies against HIV-1 are routinely evaluated against a panel of pseudoviruses that express distinct Env proteins (13) . The pseudoviruses are generated by cotransfection of an Env-expressing vector and a replication-incompetent backbone plasmid. Neutralization is assessed by measuring the reduction in infectivity as function of concentration of a potential inhibitor. In vitro neutralization results for a given strain of HIV-1 are characterized by an IC 50 value, the concentration at which infectivity is reduced by 50% (13) . The variation in activity across a panel is a complicated function of Env sequence that reflects several factors including the binding affinity of the antibody for that Env protein, the intrinsic infection kinetics of the viral strain, the pseudovirus stability, and the degree of exposure of the antibody epitope at various time points during the viral fusion process (14, 15) . Although manual inspection of neutralization panel data with viral sequence alignments may suggest candidate residues for mutagenesis studies, we wanted to analyze neutralization data with a systematic approach to better understand how Env sequence affects neutralization potency. We sought to determine whether a simple model depending on residue identity or glycosylation at a small number of positions could account for a significant portion of the dispersion of neutralization activity across panels of one hundred to several hundred viral strains. Env positions identified by this approach are potentially part of the epitope for the antibody, and these sites could then be investigated by site-directed mutagenesis.
Results
We developed a software tool that can be used to organize and analyze HIV-1 neutralization data, viral and antibody sequences, and structural information. The data are organized via a relational data model such that, e.g., an antibody entry is linked to the neutralization assays that have been performed for that antibody (Fig.  S1A ). In addition, the antibody entry is linked to its heavy and light chain protein entries, from which the sequences can be obtained, and to its Protein Data Bank (PDB) entry (www.rcsb.org/pdb/) if a crystal structure is available. Similarly, each Env entry is linked to its neutralization assay results and its sequence. Sequence alignment position numbering is based on reference sequences (e.g., HxBc2 numbering for Env sequences). Neutralization data can be displayed in a table format that can be sorted or shown along with aligned Env sequences. Potential N-linked glycosylation sites, as identified by the Asn-X-Ser/Thr sequon, can be highlighted, and sequences can be displayed relative to a consensus sequence (Fig. S1B) . Coverage curves, which show the cumulative frequency of IC 50 values up to the concentration shown on the x axis, can be generated to compare breadth and potencies of individual antibodies (Fig. S1C) .
The primary goal of the program is to uncover correlations by providing ready access to multiple types of data in a single environment. Toward this end, the program interface is fully graphical and requires no text commands or scripting. The program can load a built-in set of published neutralization data on broadly neutralizing anti-HIV-1 antibodies (currently including ∼10,000 where baseline opt is chosen for each set of rules to minimize the residual R over a set of strains. The baseline opt represents the invariant net contribution of all other residues to neutralization. The program examines rules of the type described above for all Env sequence position/residue combinations and determines the optimal (for one or two rules) or near-optimal (for three or more rules) set of rules in a stepwise manner. The numerical values V are also optimized during this process. To avoid overfitting, a portion of the neutralization data (the test set) can be excluded from the rule optimization process. The user can choose which rules to use by including rules until the residual of the test set no longer improves. After finding an optimal set of rules, the quality of individual rules (an assessment of the strength of the association between the rule and the variation of an antibody's neutralization potency across strains) is scored based on several factors: (i) whether there is support for the rule within multiple clades, (ii) the reduction in residual R attributed to the rule, and (iii) the fraction of strains for which the rule applies. This is an indirect means of addressing interfering viral lineage founder effects (17) .
Typical rules sets produced by this analysis are shown in Table 1 for 24 antibodies and soluble CD4 (sCD4). Many Env residues known to be critical for neutralization by particular antibodies were identified; e.g., for antibody 2F5, Env residues 665 and 667 were identified, which are within the known core epitope of 2F5 within membrane-proximal external region (MPER) residues 662-668 of the glycoprotein gp41 Env subunit (18) . Mutation of residue 665 leads to resistance to 2F5 (19) , and position 667 has been suggested to also play a role in 2F5 resistance (20) . In addition, for antibody 2G12, the optimized rules set indicates that glycosylation at sites 295, 332, and 339 on the gp120 subunit of Env are important for neutralization, consistent with previous mutagenesis and escape studies (21, 22) . For VH1-2-derived CD4-binding site antibodies VRC01, NIH45-46, 12A12, and 3BNC117, a common rule was found indicating that Gly at position 459 is important for neutralization. This is also consistent with mutagenesis and escape studies on this class of antibodies (23, 24) . Overall, rules that correspond to known antibody epitope residues were identified for 14 of 18 distinct antibodies analyzed (Table S1 ). The fraction of the IC 50 variability accounted for by the analysis varied greatly among the antibodies: for glycan-dependent antibodies such as 2G12 (21, 22) and 10-1074 (25), ∼50% of the variability was modeled, whereas for 4E10, an anti-MPER antibody (19) and VRC01, a CD4-binding site antibody (1), less than 20% was modeled. In general, the neutralization data for glycandependent antibodies yielded better models. This may reflect the high degree of variability in Env glycosylation patterns as well as the near-complete dependence on specific glycans for such antibodies.
Analysis of an Antibody with an Unknown Epitope. As a test case, we investigated antibody 8ANC195, whose epitope was unknown. This antibody was identified along with a group of CD4-binding site antibodies by single-cell antigen capture methods using a fragment of the HIV-1 Env as bait (3) . An analysis using the Antibody Database program predicted that three N-linked glycosylation sites determined 8ANC195 activity: intact potential N-linked glycosylation sites at Env positions 234 and 276 and the absence of a site at position 230 were associated with stronger neutralization (Figs.  1 and 2A) .
To test these predictions, we initially performed in vitro neutralization assays to evaluate the activity of 8ANC195 against site-directed mutants of the clade B HIV-1 YU2 strain (Fig. 2B and Table 2 ). Mutants to remove the glycan at position 234 (YU2 N234S and YU2 T236K) and at position 276 (YU2 N276S (YU2 D230N/K232T ). These mutants were compared against wild-type YU2 and a control CD4-binding site mutant (YU2 N280D) for their sensitivity to 8ANC195 IgG. Removal of the 234 site led to complete resistance, whereas removal of the 276 site led to a 60-fold increase in IC 50 . Introduction of a site at position 230 led to a sixfold increase in IC 50 . The results were consistent with the model's predictions of very strong dependence on the 234 and 276 sites and a more modest, but opposite, effect of glycosylation at position 230.
As an additional means to test our model, we examined emergence of naturally occurring resistance mutations in response to 8ANC195 antibody therapy in HIV-1 YU2 -infected humanized mice (24) . Therapy was initiated in chronically HIV-1 YU2 -infected mice carrying a diversified viral swarm as shown by pretreatment sequence analysis (Fig. 3) . 8ANC195 was administered s.c. with a loading dose of 1 mg followed by 0.5 mg of antibody twice per week. Viremia decreased only slightly (0.1 log 10 after 7 d) and remained stable after 14 d of treatment (Fig. S2) . Consistent with selection by 8ANC195, virus cloned during treatment had acquired mutations to remove the potential N-linked glycosylation site at position 276 in two of three mice from which viral sequences were obtained (Fig. 3 and Fig. S3 ).
Evaluating the Glycan Dependence of 8ANC195. To further evaluate the glycan dependence of 8ANC195, we used surface plasmon resonance (SPR) to study binding of 8ANC195 to a gp120 core protein before and after treatment with endoglycosidase H (Endo H). This enzyme removes accessible N-linked high-mannose oligosaccharides from glycoproteins such as gp120, although Endo H treatment is not maximally efficient under nondenaturing conditions. We found that 8ANC195 Fabs bound to immobilized untreated gp120 but no binding was detected to Endo H-treated gp120 (Fig. 4 A and B) . Binding to the gp120 core by a glycan-independent control antibody, 3BNC60 (a CD4-binding site antibody), was not affected by Endo H treatment (Fig. 4A) . Therefore, at least one of the Endo H-sensitive N-linked glycosylation sites on gp120 is required for binding of 8ANC195.
To evaluate the glycan specificity of 8ANC195, we tested binding of gp120 core protein expressed in cell lines that differed in their glycosylation profiles. gp120s expressed in insect cells are expected to contain only high-mannose N-glycans (26) , as are gp120s expressed in mammalian GnTI −/− cells, an HEK293 cell line lacking the enzyme N-acetylglucosaminyltransferase I (GnTI) that is required for processing high-mannose N-glycans to complextype N-glycans (27) . In contrast, gp120s expressed in HEK293-6E cells should contain all types of N-glycans, including complex-type, high-mannose, and hybrid N-glycans. We found that 8ANC195 bound equivalently to gp120 cores expressed in each of these cell lines and did not bind to Endo H-treated gp120 cores from insect or HEK293-6E cells, indicating that it does not depend on complex-type or hybrid N-glycans for binding to gp120 (Fig. 4C) .
To further investigate the potential role of complex-type N-glycans on HIV-1 Env in neutralization by 8ANC195, we created high-mannose-only virions by producing pseudoviruses in GnTI −/− Fig. 1 . Experimental (red) and predicted (blue) IC 50 values for antibody 8ANC195 on a panel of 119 viral strains. The prediction is that glycosylation at positions 234 and 276 is required for neutralization, whereas glycosylation at 230 reduces neutralization sensitivity.
Fig. 2. Glycosylation sites affecting 8ANC195 neutralization. (A)
Location of potential N-linked glycosylation sites (red highlights) on gp120 (gray surface) predicted to affect 8ANC195 neutralization. For reference, the location of the CD4-binding site epitope on gp120 is illustrated using the structure of an NIH45-46-gp120 complex (PDB ID code 3U7Y). (B) Neutralization of HIV-1 strain YU2 and YU2 mutants by 8ANC195 IgG. Mutations removing glycosylation sites at Env positions 234 or 276 greatly reduced the neutralization potency of 8ANC195, and addition of a potential site at position 230 led to a moderate decrease in potency. A mutation (N280D) near the CD4-binding site on Env had no effect on 8ANC195 neutralization.
HEK293 cells (27, 28) . The neutralization potencies of 8ANC195 against normal virions and high-mannose-only virions were similar (Table S2 ), consistent with the binding studies suggesting that the glycan dependence of 8ANC195 was not specific to complextype N-glycans.
Taken together with the neutralization assay results, the binding studies suggest that 8ANC195 recognizes HIV-1 by a mechanism that requires high-mannose N-glycans, or the core pentasaccharide common to all types of N-glycans, attached to Asn234 and Asn276.
Discussion
Recent advances in identification of antibodies from HIV-1-infected humans has resulted in many promising antibodies with broadly neutralizing activity (reviewed in ref. 29) . These antibodies were reported along with a wealth of neutralization data against broad panels of primary HIV-1 strains; e.g., ∼2,500 IC 50 values covering >80 antibodies were presented in two papers describing antibodies against the CD4 binding site on HIV-1 Env (3, 4). Information regarding antibody recognition of HIV-1 can be deduced from the neutralization data and the sequences of HIV-1 Env; however, extracting such information manually can be prohibitive in terms of time and effort. A recent analysis of neutralization panel data has been used to cluster antibodies based on similar patterns of neutralization (30) , and this approach can be used to deconvolute the neutralizing activities present in polyclonal sera. Although antibody 8ANC195 was noted to form a distinct cluster, no specific viral epitope was identified. Here, we report a program, Antibody Database, that analyzes anti-HIV-1 antibody potencies and breadth systematically to deduce the identities of Env residues required for neutralization.
The program identified known critical residues on Env recognized by well-characterized antibodies and uncovered an epitope recognized by 8ANC195, a potent broadly neutralizing antibody whose epitope was not known (3) . The 8ANC195 example illustrates how the computational results are intended to be used, i.e., for design of experiments to identify residues responsible for antibody potency variability across viral strains. Our approach does not attempt to establish the statistical significance of the correlations that are identified because the assumptions necessary to assign probabilities to the output of the model are themselves uncertain. Instead, we use the analysis as a part of a heuristic approach to identifying an antibody's functional epitope. By "functional epitope," we refer to those residues, which when mutated, exert a major effect upon the binding affinity and neutralization activity. In general for protein-protein interactions, a functional epitope is defined as those residues for which ΔΔG > 2 kcal/mol for substitution of a single amino acid to alanine, as distinguished from a structural epitope (all residues at the protein-protein interface) (31) . The functional epitope residues identified by our analysis are often associated with variations leading to resistance to a given antibody (e.g., Env position 276 for 8ANC195). A notable feature of these results compared with other approaches (such as an alanine scanning mutagenesis) is that variations at functional sites are likely resistance mutations of antibody-sensitive strains because these variations are known to give rise to viable virus.
The simplifying assumption that neutralization data can be modeled by independent rules is best supported when (i) neutralization potency correlates with antibody binding to Env, and (ii) binding is not accompanied by conformational changes in antibody or Env. In this situation, one may expect relatively independent contributions to neutralization or binding corresponding to individual interactions between antibody and Env. This would not be complete independence; e.g., substitution at the antibody/ Env interface of a small residue by a large residue may require a shift of the two molecules that would disrupt other interactions. When the two conditions above are not satisfied (i.e., neutralization does not correlate with binding and the effect of a variation in sequence at one location is contingent on the sequence at other locations), independent contributions are not necessarily expected. Indeed, for reagents such as soluble CD4 that induce a large conformational change in Env upon binding (32) , very little of the variability in neutralization potency across strains can be modeled by this simple approach (Table 1) . Nevertheless, the rules analysis may be justified as an empirical method if it is found that predicted rules correspond to experimentally determined critical residues.
Our sequence-based approach to deducing rules for neutralization has limitations. For example, critical antibody epitope residues on HIV-1 Env that are very highly conserved across a viral panel will not be identified in this approach because the ability to recognize a critical residue depends on variation in the residue identity being correlated with IC 50 differences. A greater problem is that phylogenetic linkage between Env sites (a viral lineage founder effect) (17) can generate spurious rule predictions. As a consequence, the results of an analysis must be considered tentative and are best used as a means to identify candidate epitope residues for further investigation. The program partially takes founder effects into account postoptimization by assigning a quality score to individual rules based on whether there is independent multiclade support for a rule (as well as other factors, such as the residual reduction due to a particular rule). In an earlier statistical study (9) , the founder effect problem was systematically taken into account using a phylogenetic analysis approach, although this involved scoring each viral strain in a binary fashion as either neutralization sensitive or neutralization resistant. In contrast, the rule set analysis used in our approach takes into account the full variability, from weakly to strongly neutralizing, in the neutralization panel. Thus, at the cost of having to manually assess potential founder effects by examining effects in individual clades, the rules approach used here offers the potential to identify features that have either modest or strong contributions to the variation in potency. Our approach includes a method of statistical cross-validation to avoid overfitting the available neutralization data as could occur by addition of too many rules. Toward this end, the neutralization data are split into a working set used for rule finding/optimization and a test set for validation of the rules. The residual of the test set is analogous to the crystallographic R free value (16), which is calculated on a subset of data that are not used during refinement of the model. When too many parameters are refined in crystallographic refinement, the R free will remain the same or become larger even when the working set R value is reduced. Likewise, the residual of the test set in the refinement of the neutralization model should rise when false rules are added.
The potential utility of our approach was illustrated by finding an epitope on HIV-1 Env for the broadly neutralizing antibody 8ANC195. Our computational analysis suggested that the neutralization activity of 8ANC195 is dependent on N-linked glycans attached to Env residues Asn234 and Asn276, which was verified experimentally in vitro and in vivo. These glycosylation sites are distinct from those that affect other known glycan-dependent anti-HIV-1 antibodies: 2G12 (glycans attached to Env positions 295, 332, 339, 386, 392, and 448) (21, 22) , PG9/PG16 (position 160) (2), PGT121/10-1074 and PGT128 (positions 332 and 301) (5, 25) . Consistent with their identification as part of the 8ANC195 epitope, residues 234, 276, and 230 are on one face of gp120. Two of the glycans within the proposed 8ANC195 epitope, the Asn234-and Asn276-attached glycans, approach each other closely (Fig.  2 A) . Indeed, based on the glycans observed in the crystal structure of a gp120 complexed with the CD4-binding site antibody 45-46m2 (33), the acetyl groups of the Asn-linked N-acetyl glucosamine moieties of the 234 and 276 sites are within ∼3.5 Å. The breadth of 8ANC195 against HIV-1 strains (3) is explained by the Asn234 and Asn276 N-glycan sites being relatively common in HIV-1 strains: 81% and 95% of 2,869 sequences from the Los Alamos HIV-1 sequence database have potential N-glycosylation sites at positions 234 and 276, respectively. Potential N-linked glycosylation is less frequent at position 230 (34%), the site that appears to reduce neutralization sensitivity to 8ANC195.
There are strains whose sensitivity to 8ANC195 is not correctly predicted by the glycosylation pattern found by our analysis; e.g., HIV-1 strain R2184.C4 lacks glycosylation at 234 and would thus be expected to be resistant to 8ANC195, but this strain is one of the most sensitive (in Fig. 1, R2184 .C4 is the viral strain second from the left). Although this strain lacks a glycosylation site at Env position 234, it has a potential N-linked glycosylation site at position 232 and is the only strain in the 8ANC195 neutralization panel with this potential site. Hence, we suggest that, for 8ANC195 neutralization, a glycan at site 232 can substitute for an adjacent glycan at site 234.
Analysis of 8ANC195, a potent broadly neutralizing antibody that targets a previously unknown epitope on the HIV-1 Env, uncovered a site of vulnerability on HIV-1 and potentially a target for vaccine development. The epitope involving two N-linked Env glycans is adjacent to the CD4-binding site on Env (Fig. 2 A) , but distinct from that epitope because an Env mutation (N280D) affecting neutralization by potent VRC01-like CD4-binding site antibodies (23) did not affect neutralization by 8ANC195 (Fig. 2B) . We conclude that computational analysis of neutralization panel data provides a rapid means for identification of functional epitope residues by generating testable hypotheses using data routinely collected on newly identified neutralizing antibodies.
Materials and Methods
Computational Analysis. An antibody and virus database and analysis program was written in Objective-C as a Cocoa application for Mac OS X 10.7 and higher. The database aspect of the program uses the Core Data object graph and persistence framework. Published neutralization panel data (1, 3-5, 25, 34-36) is built in to the program, and additional neutralization data can be loaded from files in comma-separated values format. Sequences of Env from commonly used HIV-1 strains and from the Los Alamos HIV Sequence Database are also built in. HIV-1 envelope sequences were aligned based on DNA sequences using the Gene Cutter tool at www.hiv.lanl.gov/ content/sequence/GENE_CUTTER/cutter.html. The executable program and the source code for the rule-finding component are available upon request.
For calculations of the dispersion residual R, when an IC 50 is known only to be greater than or less than some value (e.g., >50 μg/mL), then that value is used as the experimental IC 50 . When model or experimental IC 50 values are above a user-adjustable cutoff value (usually 50 μg/mL), the fitting procedure treats these values as equal to the cutoff value.
When the number of neutralization resistant strains is greater than 50% of the total strains, the dispersion residual R sum over strains is weighted in favor of the sensitive strains (such that the sensitive strains account for 60% of the starting residual). A fraction (20%) of the panel can be excluded from the rule set optimization process for cross-validation in a manner analogous to calculation of the R free value in crystallography (16) . The set of strains that are excluded is chosen randomly; thus, repeated-analysis runs on the same antibody neutralization dataset will be produce slightly different results.
The rule-finding process begins with all Env positions and all residues (and glycosylation), with a user-adjustable cutoff value m (default 5%) that eliminates rules that apply to less than that fraction or more than the fraction 1 − m of viral strains. During initial screening, rule Vi values from 0.74 to 5.15 (and from −0.74 to −5.15) in steps of 0.37 are tested. This corresponds to rules that would cause a 2-fold to 172-fold difference in IC 50 . Rule parameters are optimized by a combination of grid search and grid walk methods. During each round of rule addition, all rule Vi values can be increased or decreased by 10% or 20%. Additional rules are added in a stepwise fashion, choosing the new rule that yields the lowest R value. 
